Experienced meditators are able to voluntarily modulate their state of consciousness and attention. In the present study, we took advantage of this ability and studied brain activity related to the shift of mental state. Electrophysiological activity, i.e. EEG, was recorded from 11 subjects with varying degrees of meditation experience during Zen meditation (a form of open monitoring meditation) and during non-meditation rest. On a behavioral level, mindfulness scores were assessed using the Mindfulness Attention and Awareness Scale (MAAS). Analysis of EEG source power revealed the so far unreported finding that MAAS scores significantly correlated with gamma power (30-250 Hz), particularly high-frequency gamma (100-245 Hz), during meditation. High levels of mindfulness were related to increased high-frequency gamma, for example, in the cingulate cortex and somatosensory cortices. Further, we analyzed the relationship between connectivity during meditation and selfreported mindfulness (MAAS). We found a correlation between graph measures in the 160-170 Hz range and MAAS scores. Higher levels of mindfulness were related to lower small worldedness as well as global and local clustering in paracentral, insular, and thalamic regions during meditation. In sum, the present study shows significant relationships of mindfulness and brain activity during meditation indicated by measures of oscillatory power and graph theoretical measures. The most prominent effects occur in brain structures crucially involved in processes of awareness and attention, which also show structural changes in short-and long-term meditators, suggesting continuative alterations in the meditating brain. Overall, our study reveals strong changes in ongoing oscillatory activity as well as connectivity patterns that appear to be sensitive to the psychological state changes induced by Zen meditation.
Introduction
In recent years, the study of meditation has become increasingly popular in neuroscience. In its proficient form, meditation can be understood as a top-down modulation of attention. According to Lutz et al. (2008) , two categories of meditation styles can be classified, depending on the focus of attention: open monitoring (OM) meditation and focused attention (FA) meditation. In OM meditation, a process of attention monitoring is maintained without focusing on a particular thought or object. During FA meditation, attention is directed towards a particular object, thought or process. These categories do not represent mutually exclusive processes but may be differentially engaged during long-term meditation or even during a single meditation session (Lutz et al., 2008; Travis and Shear, 2010) . Within the ancient tradition of Zen meditation, "the main aim […] is to remain constantly aware of what is occurring in the present moment to keep the mind in the specific state in which the experiential insight (satori) can arise" (Chiesa and Malinowski, 2011) . This is related to the concept of mindfulness, often described as a state of nonjudgmental awareness towards the present moment (Kabat-Zinn, 2006) that is maintained by a process of attention monitoring practiced during OM meditation. However, during Zen meditation FA processes also occur (e.g. Travis and Shear, 2010) . Independent of the differences between meditation styles, they all lead to a putatively altered awareness state. There is, therefore, growing interest in meditation, particularly within the fields of attention and consciousness research (for reviews, see Fell et al., 2010; Lutz et al., 2008; Tassi and Muzet, 2001) .
As early as 1966, a study by Kasamatsu and Hirai looked into electroencephalographic changes during Zen meditation. The authors reported alpha waves during meditation (although subjects' eyes were open) that increased in amplitude and decreased in frequency with progression of the meditation session. During the latter part of the meditation session, theta rhythms appeared mainly in meditators with many years of experience. Other studies found similar alpha and theta effects during meditation (Novices in Zen meditation practice: Kubota et al., 2001; Takahashi et al., 2005) . Reductions in beta band power have also been reported (FA meditation: Saggar et al., 2012; FA and OM meditation: Hinterberger et al., 2014) and suggested to be related to minimal self-awareness and selflessness (Dor-Ziderman et al., 2013) . Influences of Zen meditation have also been demonstrated using functional magnetic resonance imaging (fMRI), showing increased blood oxygen level-dependent (BOLD) response in the areas of the default mode network in Zen practitioners, including the right insula, during conceptual processing (Pagnoni et al., 2008 ).
An impressive illustration of the neural impact of meditation can be seen in structural differences: for example, cortical thickness was increased for Zen meditators, including in pain related regions (Grant et al., 2010) , while age-related loss of gray matter was reduced (Pagnoni and Cekic, 2007) . In other forms of mindfulness meditation, larger hippocampal volumes (Luders et al., 2009 (Luders et al., , 2013b were found in long-term meditators, and increased gray matter density Leung et al., 2013; Luders et al., 2013a) and cortical thickness (Kang et al., 2013; Lazar et al., 2005) were found in a number of regions including the right insula, left inferior temporal gyrus, right thalamus, hippocampus and the cerebellum. Further, differences in white matter have also been reported after short-term meditation training compared to before training (Tang et al., 2010 as well as for long-term meditators compared to control participants (Kang et al., 2013) . For long-term mindfulness meditators compared to control participants, abnormal cerebral metabolism (Fayed et al., 2013) and enhanced structural connectivity have been shown (Luders et al., 2011) . These structural differences are likely related to differences in functional connectivity that can be measured during resting state in meditators (e.g. fMRI: FA: Hasenkamp and Barsalou, 2012; short-term integrative body-mind training: Xue et al., 2011) , which presumably are a consequence of specific patterns of neuronal activity during intensive meditation training (e.g. Lehmann et al., 2012 ; EEG study on FA: Saggar et al., 2012) . Lehmann et al. (2012) investigated five different meditation techniques and reported reduced EEG connectivity for Zen meditation, mainly in alpha and beta frequencies when compared to (initial and final) rest. Another study found increased alpha coherence during Zen meditation in novices (Murata et al., 2004) . For short-term integrative mind-body training, changes in EEG theta band networks have been observed, in particular, a smaller average path length and larger global clustering coefficients have been reported and interpreted as enhanced local specialization (Xue et al., 2014) . However, the available evidence is inconsistent, with some studies reporting increases in functional EEG connectivity (Transcendental meditation: Hebert et al., 2005; Zen novices: Murata et al., 2004) , and some reporting decreases (different meditation techniques including Zen: Lehmann et al., 2001; different techniques, gamma band: Faber et al., 2004; mindfulness-meditation: Berkovich-Ohana et al., 2013) , and others showing local specialization (Xue et al., 2014) . This topic, therefore, requires further investigation.
Generally, meditation and attentional processes have a close relationship that is evident in descriptions of various meditation techniques (e.g. OM vs. FA), and is further supported by several studies showing that meditation training improves performance in tasks involving attention (Hodgins and Adair, 2010; Slagter et al., 2007; van Leeuwen et al., 2009) . On a neuronal level, attentional processing has been closely linked to increased high-frequency oscillatory activity (Gregoriou et al., 2009; Lachaux et al., 2005) . For example, studies have suggested that high-frequency gamma oscillations (N50 Hz) represent attentional mechanisms of visual processing and working memory Jokisch and Jensen, 2007) .
In the field of meditation, recent research indicates a role of lower gamma activity in processes involved in various meditation states and techniques (Berkovich-Ohana et al., 2012 , 2013 Cahn et al., 2013; Hinterberger et al., 2014; Lehmann et al., 2001 ; for a review see: Cahn and Polich, 2006; Fell et al., 2010; Lutz et al., 2004) . However, highfrequency gamma was not investigated in these studies and, therefore, it remains unclear whether modulations in high-frequency gamma activity can also be found during meditation, as suggested by the relationship between meditation and attention described above.
In the present EEG experiment, we recorded ongoing EEG activity during rest and seated Zen meditation (known as Zazen), and behavioral scores for mindfulness and meditation experience. Zazen means sitting in the position of Buddha, concentrated on the body, the breathing, and to be open to the very moment. We expected meditation experience to be positively correlated with mindfulness ratings. Concerning the EEG data, we took a novel methodological approach compared to other studies, as we analyzed not only sensor and source data but also graph theoretical measures and did it for a -compared to present standards -very broad range of frequencies (2-245 Hz). Although we analyzed the differences between meditation and nonmeditation rest, our major interest concerned the further elucidation of the relationship of all these measures with scores of mindfulness in daily life and practical experience. Based on previous findings of meditation-related modulations (either between meditation and nonmeditation or experts and novices) within various frequency bands, we expected general effects of meditation on as well as correlations of meditation-relevant parameters (mindfulness and practical experience ratings) with EEG activity without priori restrictions concerning frequency bands. Beyond this local level of investigation, we scrutinized how meditation practice influences the functional network architecture. We computed graph theoretical measures (see Bullmore and Sporns, 2009 ) at the level of generators. Based on the research cited above, we expected to find differences in connectivity and network properties during meditation compared to non-meditation rest. Further we tested the role of mindfulness in daily life on meditation-driven brain network modulation by calculating correlations between mindfulness scores and global graph theoretical measures for all frequencies. Overall, our study reveals dramatic changes in ongoing oscillatory activity as well as connectivity patterns that appear to be sensitive to the psychological state changes induced by Zen meditation that are particularly related to mindfulness.
Materials and methods

Subjects
The experiment was conducted at the psychophysiological laboratories of the University of Konstanz at the Zentrum für Psychiatrie Reichenau (ZPR). Eleven Zen meditators with various levels of experience took part in the experiment (six female, five male; mean age 50 years, see Table 1 ). They were recruited from a local Zen meditation community. The average Zen meditation experience was 3418 h or twelve years, ranging from four weeks to 25 years. The summed number of hours of meditation experience over the years was used as data for practical meditation experience. With the exception of one person, all subjects were free of neurological and psychiatric diseases, and all were free of drug and medication use. Omitting this subject from the statistical analysis had no impact on the reported effects. Thus the results described here use the entire sample. Subjects received 25 Euros for their participation. All subjects signed an informed consent form prior to the experiment. The procedures had been previously approved by the local ethics committee. Experimental design and procedure
Before the EEG experiment started, mindfulness in daily life situations was measured using the Mindfulness Attention Awareness Scale (MAAS, Brown and Ryan, 2003 ; German version by Michalak et al., 2008) . The MAAS is a one-dimensional, 15-item scale measuring mindfulness, attention and awareness in the present moment on a six-point Likert scale. Statements such as "I rush through activities without really paying attention to them" were rated from 1 (almost never) to 6 (almost always). For later interpretation, this means that lower scores reflect higher levels of mindfulness. Other related constructs such as acceptance or empathy were omitted (Brown and Ryan, 2003) . Meditation experience was also assessed prior to EEG recording. A total number of hours of meditation was calculated for each subject. For the main experiment, EEG data were recorded during meditation and nonmeditation rest, respectively. The experiment took place in a dimly lit, electromagnetically shielded room. The EEG cap was placed on subjects' heads and electrodes were filled with electrolyte gel. Impedance for the electrodes was below 30 kΩ. During Zen meditation, subjects sat in their usual meditation position (i.e. half-lotus seat with eyes open) with a meditation cushion on the floor and EEG data were collected for 20 min. During non-meditation rest, subjects sat in a comfortable chair and were instructed to relax, not to meditate, to keep their eyes open and to minimize eye movements. EEG data were recorded for 5 min. Half of the subjects began the experiment with the meditation condition, the other half started with the non-meditation rest condition. Subjects were pseudorandomly assigned to start with one of the two conditions, an important consideration given that gamma power is still high following meditation as opposed to pre-meditation (Lutz et al., 2004) . By using a balanced design, we hoped to control for similar carry-over effects. Neither practical experience (t(9) = 0.05951, p = 0.9539) nor MAAS scores differed between these two groups (t(9) = 0.215, p = 0.8346).
Data collection
EEG data were recorded using a 128-channel ANT system (Advanced Neuro Technology, Enschede, Netherlands). An external ground electrode was attached below the right cheekbone. Since muscle activity can be a confounding factor in EEG recordings, with a broad spectrum including higher frequencies, we used electromyography (EMG) recordings during the experiment to control for neck muscle activity that may be elicited by the altered seating position. For this purpose, bipolar electrodes were placed on the right trapezius. Two continuous data sets (20 min meditation, 5 min non-meditation rest) were recorded per subject with a sampling rate of 2048 Hz.
Data analysis
EEG and EMG data were analyzed in MATLAB Version 7.12 (R2011a) with the open source FieldTrip toolbox (Oostenveld et al., 2011) . The 20 min of meditation EEG activity were subdivided into intervals of 5 min (allowing us to later normalize the data with 5 min nonmeditation rest). Raw EEG data of meditation and non-meditation rest were epoched into segments of 2 s and filtered with a 1 Hz high-pass Butterworth filter. All segments were visually inspected and, in a first pass, all data segments containing large non-physiological artifacts (e.g. channel jumps) were rejected. EEG data were downsampled to 500 Hz. An independent component analysis (ICA) was performed and components were visualized as time series and topographically to identify artifacts from eye movements and heart muscle activity. Components containing these artifacts were removed for all four meditation intervals and the non-meditation rest (on average nine components were removed per subject), and the cleaned raw data were reconstructed. Following ICA correction, a second visual artifact detection was performed and residual segments that still contained artifacts were rejected. On average, this led to meditation data of 204 s (range 92-272 s, standard deviation SD: 49.9 s) and non-meditation data of 174 s (range: 86-272 s; SD: 60.2 s). This difference was not significant (t(10) = −1.64, p = .13).
Electrode level
Electrode data were transformed into the frequency domain using multitaper Fast Fourier Transformation (FFT; Percival and Walden, 1993) . The whole frequency band of 1-245 Hz was divided into low (b30 Hz) and high frequencies (30-245 Hz), with steps of 1 Hz for low frequencies and 5 Hz for high frequencies. Discrete prolate spheroidal sequence (DPSS) tapering was used with a spectral smoothing of +/− 2 Hz for low frequencies and of +/− 6 Hz for high frequencies. From the complex electrode level Fourier coefficients, power spectra were calculated via the complex modulus applied separately to the four meditation periods and the one non-meditation period. Meditation data were normalized by first subtracting the power spectra of the nonmeditation rest from each of the meditation periods and then dividing by them ([power meditation − power non-meditation ] / power non-meditation ) resulting in four normalized meditation periods. The four meditation periods were averaged before application to statistical analyses.
Source level
The electrode level Fourier coefficients calculated in the previous step were then projected into source space using spatial filters derived from the dynamic imaging of coherent sources beamformer (DICS, Gross et al., 2001 ). We computed a separate spatial filter per frequency.
A standard boundary element model (BEM) and standard electrode positions were used as provided by ANT. Common spatial filters were calculated for the resting and meditation condition for 2982 grid points (1 cm resolution) equally distributed within the brain volume. We could derive source level power spectra via these means and, analogous to the electrode level analysis, meditation data were again normalized using the non-meditation rest. The four normalized meditation periods were averaged for further statistical analyses.
Graph theoretical measures
From the source level Fourier coefficients, spectrally resolved source-level all-to-all connectivity was calculated using the imaginary part of coherence (Marzetti et al., 2008; Nolte et al., 2004) . The adjacency matrix was obtained by thresholding the resulting connectivity matrix values N 0.02, which were determined as the lowest threshold at which networks were still fully connected across all subjects. Graph theoretical parameters were calculated for the meditation and the non-meditation rest condition using the Brain Connectivity Toolbox (https://sites.google.com/a/brain-connectivity-toolbox.net/ bct/; Rubinov and Sporns, 2010) and custom-made MATLAB code. Global graph theoretical measures were: density, small worldedness, clustering coefficient, and distance (also called path length). Small worldedness was calculated by the ratio of the normalized clustering coefficient (dividing the empirically observed values by a value derived from a corresponding random network with equal amounts of nodes and edges) and the normalized distance. For the frequency bands identified by the global measures, local measures were calculated, including degree and normalized local clustering (dividing the clustering coefficients at each grid point with the global clustering coefficient derived from the corresponding random network; see Bolaños et al., 2013) . As for the power data, all graph theoretical values of the four meditation periods were normalized using the non-meditation rest and then averaged before application to statistical analyses.
Statistical analyses
Prior to averaging the normalized meditation periods of sensor power, source power, and global graph measures we calculated an F-test (with cluster correction) to assure that the four periods did not differ significantly from each other. For none of the measures significant clusters were obtained (p N .16). We then tested for these individual averages of the normalized meditation periods of sensor power, source power, and graph measures the association with mindfulness scores (MAAS) as well as meditation experience using correlational analyses by committing them to a nonparametric cluster-based permutation test, which controls for multiple comparisons (Maris and Oostenveld, 2007) . The advantage of this approach is that the distribution upon which statistical inference is based is estimated directly from the randomization, rather than depending on a priori assumptions (e.g. normality, etc.). Outputs from power (sensor and source level) as well as graph theoretical analysis (only source level) for the whole frequency range were applied to correlation analyses with mindfulness scores and hours of meditation using an alpha of 0.05 for clustering and 1000 randomizations. The maximum distance for neighbors was set to 30 mm, resulting in an average of 4.1 neighboring electrodes for the sensor data and 72.4 neighboring source coefficients for the source data. In addition, normalized global graph measures were committed to an analogous non-parametric cluster statistics approach, with the difference that in this case spatial information is missing and clustering was only performed across frequencies. For visualization purposes of the effects of global graph measures, we used the same metrics used as test statistic (Pearson correlation) in our nonparametric test of local graph theoretical measures (that putatively drive the global effects, namely degree and local clustering), which we restricted to frequency bands showing maximal effects in the earlier global analyses (160-170 Hz). In order to see the main structures showing the most pronounced effects data were masked using a p b .01.
Although our group of participants showed a wide range of meditation experience and self-reported mindfulness, we also analyzed contrasts between meditation and non-meditation rest again using cluster-based permutation (alpha of 0.05 and 1000 randomizations) with dependent samples t-tests as a test statistic (testing the normalized averages against a matrix of zeros). For the frequency band identified by the analysis of global graph measure (200-210 Hz), dependent-samples t-tests were again applied to local graph measures for visualization (uncorrected) . In order to see the main structures showing the most pronounced effects data were masked using a p b .01.
The patterns of results for spectral power were similar for the sensor level analyses and the source level analyses, therefore only the source level results will be reported and discussed. Given the applied analyses, we were able to determine the relationships of meditation-related connectivity and network properties with individual meditation experiences and mindfulness scores, as well as differences to the resting state. Given the strong variability of practical experience and selfreported mindfulness, we focus on the correlational findings while we present the results for the meditation versus non-meditation contrast partly in the Supplementary data.
Results
Mindfulness ratings and meditation experience
Scores for general mindfulness, attention and awareness in the subjects' daily lives, as assessed with the MAAS (German version), were correlated with individual meditation practice experience in hours. Low MAAS scores indicated high levels of mindfulness, attention and awareness in a subject's daily life, and vice versa. Subjects' MAAS scores significantly correlated with their meditation experience, r = − .80, p b .01 (Fig. 1) . Age of the subjects neither correlated with practical experience nor MAAS scores.
Correlations of oscillatory changes with mindfulness and practice experience
A correlation analysis was calculated between mindfulness scores (MAAS) and the power data of the source transformed data for all frequencies. No significant correlations were found within the lowfrequency range. A significant negative cluster (p = .015) was yielded for the entire high-frequency range, in particular between 100 and 245 Hz ( Fig. 2A) , indicating that high levels of mindfulness (reflected by low scores) correlate with increased power in the high frequencies. The same correlation analysis with meditation experience in hours also revealed a significant positive cluster for high frequencies (p = .036), indicating that a lot of experience goes along with increased gamma power. The generators underlying this practice effect showed a partly different pattern than the correlation effect with MAAS ratings. This means that results from the previous analysis cannot purely be explained by the amount of practice per se. Sources in which high gamma correlated with MAAS but not practical experience were mainly found in the globus pallidus, left cuneus, left anterior cingulate, right preand postcentral gyri (BA 2, 3, 4), bilateral middle frontal gyrus (BA 6, 10), right parahippocampal gyrus, right culmen, right medial frontal gyrus, subcallosal gyrus and thalamus ( Fig. 2A) . We also calculated the correlational analyses for the non-normalized meditation data and the non-meditation data separately, but none of these correlations reached significance. Concerning the contrast between meditation and non-meditation rest, a negative cluster was obtained in the low-frequency range (2-30 Hz) with peaks at 3 and 17 Hz (p = .025, Supplementary  Fig. S1A ). The reduction of power during meditation was mainly localized to somatosensory cortices, the right insula, right middle temporal gyrus, and right inferior, middle and superior frontal gyri (Fig. S1A) . No meditation-related modulations of spectral power were observed for higher frequencies.
Correlations of global graph theoretical measures with mindfulness
To examine the relationship of brain connectivity during meditation with mindfulness in daily life, correlation analyses were calculated for individual mindfulness ratings with global and local values. The correlation analyses with mindfulness scores yielded a significant positive cluster for small worldedness (p = .033, Fig. 2B ) during meditation between 160 and 170 Hz with a peak at 165 Hz. This effect was driven by clustering (positive cluster; p = .03, Fig. 2C ), while no effect was observed for path length. Density showed a trend level of a negative cluster (p = .0639) (Fig. 2B) . These positive clusters indicate that at these frequencies -which are below the mediation versus rest effect (see below) -during meditation low levels of mindfulness (reflected by high scores) result in more clustered functional network architectures.
Concerning the general difference of global graph theoretical measures during meditation and non-meditation rest, no effect was found in the low-frequency range. In the high-frequency range, we obtained a significant negative cluster for density (p = 0.005) between 195 and 215 Hz (Suppl. Fig. S1B ), meaning that meditation overall went along with disconnections at these high frequencies. Furthermore, a positive cluster was obtained for small worldedness (p = .017, Suppl. Fig. S1B ) between 200 and 210 Hz. This effect was again driven by clustering (positive cluster; p = .015, Suppl. Fig. S1C ), while no effect was observed for path length (clustering and path length normalized by values obtained from random networks with the same amount of nodes and edges, Suppl. Fig. S1C ). Overall, this means that, while connectivity at these high frequencies reduces during meditation, coupling to the immediate neighbors increases.
Correlations of local graph theoretical measures with mindfulness
Local clustering revealed sources mainly in the bilateral thalamus, bilateral cingulate gyrus, and bilateral insula but also in the bilateral pre-and postcentral gyri (BA 3,4), left inferior parietal lobe, and right middle frontal gyrus (BA 6). Degree showed negative correlations with MAAS scores mainly in the bilateral thalamus, bilateral cingulate gyrus, and right cerebellum. Sources that showed only significant correlations between local clustering and MAAS, but not between degree and MAAS, were mainly found in the bilateral paracentral lobule (BA 6, 5, 31), right middle temporal gyrus, right pulvinar nucleus and medial dorsal nucleus of the thalamus, and the right insula (Fig. 2C , see Table 2 for more details).
Regarding the general difference of local graph theoretical measures during meditation and non-meditation rest, local clustering was increased between 200 and 210 Hz, in a widely distributed set of sources including the bilateral insula, left caudate, bilateral culmen, rectal gyrus, right inferior frontal gyrus, right superior and middle temporal gyri, left cingulate gyrus, and left middle frontal gyrus. Degrees, capturing the density effect, showed reductions during meditation, mainly in the right insula, right parahippocampal gyrus, anterior cingulate and caudate as well as the cerebellum. Sources that showed only an increase in local clustering but no reduction of degree were found in the bilateral (stronger on the right) insula (BA 13), left cuneus (BA 18) and lingual gyrus (BA 17) (see Suppl. Fig. S1B and Suppl. Table S1 for full details).
EMG recordings
Since muscle activity may produce broadband artifacts that include the higher gamma band (Pope et al., 2009 ), we measured neck muscle EMG during the rest and meditation conditions. All statistical testing done on EEG power data was also conducted for EMG power. For analysis of EMG data, two subjects were excluded owing to insufficient EMG data arising from technical problems during the experiment. For normalized EMG data, significant positive clusters were found for the lower frequencies (2-10 Hz and 18-19 Hz; p's b .05) and for the high gamma band range (N90 Hz; p b .01). These effects showed increased EMG gamma activity during meditation compared to non-meditation rest. Concerning the relationship with mindfulness ratings or practice experience, no correlations occurred in any frequency band. We also calculated the correlational analyses for the non-normalized meditation data and the non-meditation data separately and found a positive cluster (p = .039) of correlations between MAAS and high gamma (130-175 Hz), indicating higher gamma during non-normalized meditation being associated with higher MAAS scores, which represent lower mindfulness in everyday life. Concerning the significant effects, it is important to note that these effects were either absent (as the difference between meditation and non-meditation rest in high gamma and positive correlation between non-normalized high gamma during meditation with MAAS) or showed the opposite direction in the EEG data (as the difference between meditation and non-meditation rest in beta range with an increase in EMG and a decrease in EEG). Thus, the available EMG data from the neck electrode does not provide any evidence that the effects found in the high gamma EEG are muscular artifacts.
Discussion
In the present study, source-level oscillatory activity and network properties were investigated in Zen meditators during meditation and rest with a special focus on their relationship with self-reported mindfulness. Since meditation is considered to be an altered state of consciousness and is closely associated with processes of attention and awareness, findings will be discussed with regard to possible implications in this field.
Several findings from this EEG study support the assumption that the meditative state seems to be rather unique in terms of patterns of brain activity. On a behavioral level, we found a significant correlation between MAAS scores and Zen meditation experience, suggesting a development of mindfulness skills with meditation experience. More importantly and interestingly, we uncovered a thus far unreported significant correlation between high gamma source power (starting around 30 Hz, plateau from 100 to 245 Hz) and MAAS scores (and to a lesser extent practice experience). Source analysis suggested the involvement of several cortical and subcortical regions, including somatosensory cortices (BA 1, 3) , the anterior cingulate, cuneus, middle and medial frontal regions as well as parahippocampus. Thus, individuals showing high levels of mindful behavior in their daily lives, as measured using the MAAS, also show substantially increased high-frequency gamma power during Zen meditation in these areas. This effect occurred for normalized power data. For the present data, we were not able to disentangle the contributions of longitudinal (non-meditation rest) versus short-term (meditation session) changes as the MAAS scores neither correlated significantly on a cluster level with nonmeditation rest nor non-normalized meditation. The lack of correlations with non-normalized meditation or non-meditation rest might be due to higher inter-individual variability for the single conditions, which becomes reduced via normalization. However, we speculate that in general both trait and state differences play a role in meditation as one (state) is most probably a prerequisite for the other (trait) to develop. This assumption is supported by studies showing relevant modulations in brain activity during both meditation (e.g. Berkovich-Ohana et al., 2013) and non-meditation rest (e.g. sleep: Ferrarelli et al., 2013) .
The general relevance of high gamma, especially regarding these structures, is further supported by the finding that synchrony in the high frequency range plays a role in synaptic plasticity (Wespatat et al., 2004) , suggesting that structural changes may be connected to high-frequency oscillations in the human brain. This is consistent with previous findings from longitudinal fMRI studies that showed increased cortical thickness for meditators in these regions of interest (Grant et al., 2010; Hölzel et al., 2011; Kang et al., 2013; Lazar et al., 2005; Luders et al., 2009) , increased gray matter (Leung et al., 2013) , and enhanced gyrification (Luders et al., 2012) .
Muscular activity is frequently discussed as an artifact explaining high broadband gamma activity (see for a review Muthukumaraswamy, 2013) and body posture has been shown to influence motor cortical excitability (Kantak et al., 2013) as well as cognitive performance (Muehlhan et al., 2014) . However, in these studies sitting was compared to standing (Kantak et al., 2013) or supine posture (Muehlhan et al., 2014) while in our study conditions were more similar: participants were in sitting posture in both conditions, although they sat in the lotus position during meditation and in a comfortable chair during resting condition. This difference in body posture was necessary as discussions with Zen meditators preceding the study made it clear that in particular for experienced meditators it would not be feasible to sit in the lotus position without meditating. Given these differences in body posture it is theoretically possible that muscular artifacts affected our data, but there are several reasons why we are confident that this is not the case. First, we recorded EMG from the neck muscle and analyzed the data analogous to the EEG data to rule out possible contamination from the neck muscles. Although we did find significant effects of muscular activity during normalized meditation, both in the lower frequencies and high gamma range, as well as a correlation between MAAS scores and non-normalized meditation, these effects are unlikely to explain our EEG findings: all of the EMG effects were either completely absent in the EEG data or were in the opposite direction and therefore have no apparent value in accounting for the EEG data. Second, related to the first point, muscular artifacts usually show an increase in high broadband gamma activity. In the present study it might be expected that the lotus position during meditation is more physically demanding for novice meditators than long-term meditators. Therefore high gamma would be expected to correlate negatively with practice experience which (at least for the neck muscle) was not the case, but rather the opposite, meaning that a lot of experience goes along with increased high gamma power. Third, the differences between the two body postures also include the lower limbs which are, due to their extreme distance to the scalp electrodes, very unlikely to contribute to scalp EEG in any meaningful way. Also, the data analysis included a spatial filtering step (beamforming) which likely reduces spurious effects from distant artifactual sources even more. Fourth, further candidates for muscular artifacts are head and face muscles which are reported to be broadband, with e.g. peaks around 50-60 Hz for chewing and 30-40 Hz for brow wrinkling. Compared to this range our main power correlation effects are a lot higher, with increased power from 30 to 245 Hz with a plateau between 100 and 245 Hz. Neck muscles are reported to produce a peak frequency around 100 Hz, but this was already ruled out as a contaminating source as described earlier (see Muthukumaraswamy, 2013 for a detailed overview of peak frequencies of muscular artifacts). Fifth, the position change was the same for all participants, making it less likely that our correlation effects with mindfulness scores/practical experience are confounded.
While the modulation of low gamma through meditation has already been reported (Berkovich-Ohana et al., 2012 , 2013 Hinterberger et al., 2014; Lutz et al., 2004) , the modulation of high gamma has not yet been investigated. However, within the field of attention, studies support the notion that high gamma (N80 Hz) is associated with attentive processing (e.g. Brovelli et al., 2005; Gregoriou et al., 2009; Ray et al., 2008) . For example, using intracranial recordings, attentiondependent modulations of high gamma were shown in modalityspecific sensory regions (e.g. somatosensory) and frontal (Ray et al., 2008) and premotor areas (Brovelli et al., 2005) .
In general, the connection between meditation training and attentional performance is well established. Assuming that meditation training improves attentional processing as well as mindfulness and given that our participants showed some distribution of MAAS scores and practical experience, it does not come as a surprise that instead of a general condition difference in high gamma we found correlations with MAAS scores as well as practical experience. However, it seems essential to mention that the correlation of gamma power with the MAAS score cannot simply be explained by the amount of meditation experience per se, as this correlation was not only weaker but also involved partly different regions. Instead, this correlation is based on a relationship with the quality of the mental state achieved using meditation, namely mindfulness skills. Although our findings are supported by other studies that have shown a link between high gamma and attention as well as awareness, it has never been directly shown that increased highfrequency gamma power during the meditative state is related to measures of mindfulness. Future research should attempt to confirm these findings and investigate mechanisms of attention involved in OM meditation, which may be closely linked to these patterns of neuronal activity.
Although we stress the findings of correlations between MAAS scores and high gamma frequencies, we want to point out that also for the lower gamma frequencies (b 80 Hz) these correlations showed significant results. As mentioned earlier, modulations in low gamma during meditation of long-term meditators were already reported in previous studies (Berkovich-Ohana et al., 2012 , 2013 Cahn et al., 2010 Cahn et al., , 2013 Hinterberger et al., 2014; Lutz et al., 2004) . For example, Lutz et al. (2004) found that long-term meditators show an increase in lower gamma power during meditation compared to rest which is absent in control participants. In the present study we did not find such a difference which might be due to the fact (i) that we did not include a control group and (ii) that our group of meditators had a very wide range of experience. However, similar to what we found, namely positive correlations with self-reported mindfulness (negative correlations with MAAS scores) and practical experience, other studies as well found stronger (low) gamma increases for the more experienced meditators (Cahn et al., 2010; Lutz et al., 2004) .
Furthermore, analyzing general differences between meditation and non-meditation rest, we found reduced power between 2 and 30 Hz with peaks in the theta (3 Hz) and beta band (17 Hz) during meditation. Meditation-related theta band (Hinterberger et al., 2014) and beta band reductions, mainly in frontocentral electrodes have also been reported in previous studies (FA meditation, Saggar et al., 2012; FA and OM meditation, Hinterberger et al., 2014) and related to minimal self-awareness and selflessness during meditation (Dor-Ziderman et al., 2013) . Our group of participants showed a wide range of variability therefore these findings should be interpreted carefully. Nevertheless, the effects were localized in various regions that have also been reported as playing a role in bodily awareness, the processing of body sensations, and interoceptive awareness (Ott et al., 2011) and show structural differences in meditators (Grant et al., 2010; Lazar et al., 2005; Luders et al., 2012) .
Since meditation seems to remarkably alter patterns of brain activity both during meditation and in the long term, functional connectivity is also likely to change in the meditative state. However, recent research is inconsistent as some EEG data show decreased global functional connectivity mainly in alpha and beta bands during meditation (Faber et al., 2004; Lehmann et al., 2012) and others show increased global clustering (Xue et al., 2014) . Additionally, increased connectivity was found in EEG (Murata et al., 2004) and fMRI research (Kilpatrick et al., 2011; Xue et al., 2011) . In the present study, we investigated connectivity using global and local graph theoretical measures over a broad range of oscillatory frequencies and their relationship with mindfulness.
Remarkably, we found that functional connectivity and network properties between 160 and 170 Hz are correlated with individual ratings of mindfulness, attention and awareness. For this frequency range, it appears that the less mindful a person is (indicated by high MAAS scores) the stronger the disconnection (represented by a negative correlational trend for density) but also the stronger the small worldedness (positive correlation). The effect of small worldedness can generally be driven by changes in clustering or path length of a network (each normalized by analogous measures derived from random networks with the same amount of nodes and edges). Our data shows unambiguously that the effect was driven by clustering that also showed a positive correlation with MAAS scores, while no correlation occurred for path length. This suggests that meditation shapes brain activity in such a way that on a global level it is less functionally connected and more modular (clustered) for persons with low mindfulness scores and vice versa for persons with high mindfulness scores. In other words, the correlations indicate that stronger effects are mainly carried by those meditators who show higher scores of the MAAS and might not have reached an 'expert' level yet, assuming that higher mindfulness is one relevant criterion of meditation expertise regardless of whether it might precede or follow practical meditation experience. Interestingly, calculating the sources of correlations between MAAS and local graph theoretical measures revealed that there were some sources in which both positive correlations of MAAS and local clustering and negative correlations of MAAS and degrees occurred (mainly in the bilateral thalamus and bilateral cingulate gyrus). The co-occurrence of both effects indicates that in less mindful persons it is mainly the long-range connections that suffer a decrease, while the communication to the immediate neighbors is undisturbed and even enhanced. It has been suggested that connectivity between the thalamus and paralimbic structures in the gamma band (30-100 Hz) is a crucial ingredient for self-awareness (Lou et al., 2010) . Given our results, this might indicate that the less 'expert' a meditator is (as measured by MAAS scores, again assuming that mindfulness is one characteristic of meditation expertise) the more additional effort (reflected by the correlations of connectivity/graph measures with MAAS scores between 160 and 170 Hz) is required during meditation to presumably reach an altered state awareness which most likely is due to altered connectivity and network properties.
Analogous processes can be seen during development and learning when a synaptic increase initially occurs that is then followed by neural pruning (see Bruer, 1999 , for a review). Thus, this positive correlation between MAAS scores and density and clustering measures may represent the process of specialization during long-term meditation.
The level of expertise (indicated by MAAS scores) however apparently does not play a role for the general condition as evidenced by the missing correlation for the frequency range between 200 and 210 Hz for which the general condition effects were found. Significant disconnection of brain activity during meditation, evident as decreased density, in the high gamma frequency range (200-210 Hz) occurred. This global effect was likely driven by pronounced reductions of degrees mainly in the right insula, right parahippocampal gyrus, the anterior cingulate and the caudate as well as the cerebellum. These findings are in line with other studies reporting reduced connectivity during Zen or mindfulness-meditation, although those studies did not analyze high gamma and only report significant results for low gamma (e.g. Berkovich-Ohana et al., 2013; Faber et al., 2004; Lehmann et al., 2012) .
We further found increased small worldedness during meditation as compared to non-meditation rest. This effect was driven by significantly increased clustering while no changes occurred in path length during meditation, compared to non-meditation rest. This suggests that even though during meditation the brain is less functionally connected it at the same time exhibits a more clustered organization. Interestingly, increased local clustering co-occurred with reduced degrees for the relevant frequencies (200-210 Hz) mainly in parts of the insula, cingulate gyrus and the caudate suggesting that for these structures the longrange connections are affected while communication with nearby nodes is enhanced.
Taken together, these findings suggest that Zen meditation is a highly active, energy-consuming state of mind. While mindfulness as a trait may strengthen and develop together with practical experience, the pattern of neuronal activity changes during the state of meditation itself. More specifically, the source power of low frequencies seems to be reduced, indicating that the brain shifts into another mental state, including, for example, altered self-awareness (Dor-Ziderman et al., 2013) as one begins to meditate. The present study adds significant insights to the current meditation literature, which has primarily focused on low gamma effects, by showing a strong relationship between highfrequency gamma power and practitioners' mindfulness ratings. This prominent effect could be localized in multiple brain regions involved in self-processing and body awareness, suggesting that meditators effectively train self-awareness and mindfulness. This is not only reflected in subjective reports (MAAS), but also in specific brain activity. Beyond that, we found remarkable correlations between mindfulness scores and high-frequency network measures (small worldedness, global and local clustering between 160 and 170 Hz), indicating that meditation shapes activity networks through the development of mindfulness skills.
Additionally, we found differences in functional connectivity indicated by graph theoretical measures in the high gamma range (density, small worldedness, global and local clustering between 200 and 210 Hz). The differences indicate that the brain shifts into a state of disconnection and high local specialization (see also Xue et al., 2014 , for theta band effects) with emphasis on sources crucially involved in self-awareness and self-regulation.
Overall, these effects suggest increased oscillatory power and connectivity in regions that also show structural changes and differences in short-term and long-term meditators, indicating a continuative process of modulation in the meditating brain and complementing the cultivation of mindfulness on a behavioral level.
